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1. INTRODUCTION
The use of biogenic fuels for stationary power generation or
for propulsion in shipping gains increasing importance in the
framework of CO2 reductions and the use of energy from
renewable sources. Since biomass or vegetable oils which are
used for biogenic fuel production do contain only trace amounts
of sulfur, the resulting fuel is characterized by very low fuel sulfur
content (FSC). While burning high-sulfur fuels in shipping
generates particulate matter (PM) emissions dominated by
sulfates,16 the use of low-sulfur fossil fuel reduces the emission
of PM signiﬁcantly.7 A similar eﬀect is expected for low-sulfur
biogenic fuels, which however have not been studied yet. This
change in emission properties contributes to reducing health
impacts from shipping emissions8,9 as well as to reducing
particulate matter-related short-lived climate forcers emitted by
marine diesel engines.5,1012 Exploring the potential beneﬁts of
biogenic fuel use in shipping or for stationary power generation is
therefore important for several reasons.
The knowledge on emission characteristics and on resulting
climate impacts of marine diesel engines operating on diﬀerent
biogenic fuels is very limited. In the framework of the German
klimazwei program, the project BIOCLEAN focused on the
emissions from a marine diesel engine using fossil and biogenic
fuels. The simultaneous consideration of climate-sensitive trace
species like NOx, PM, black carbon (BC), and sulfur-containing
particle precursors and of the most important greenhouse gas
CO2 allowed for the investigation of trade-oﬀ eﬀects of CO2
emissions reduction and potentially increasing emissions of other
climate-active trace constituents. GHG emissions associated with
the production of biogenic fuels 13,14 were included bymeans of a
fuel life cycle analysis which considered land use changes (LUC)
associatedwith the growth of energy plants for fuel production.1517
Several studies identiﬁed LUC-related GHG emissions as a key
factor of the overall GHG emission balance of biogenic fuels.1820
2. EXPERIMENTAL SECTION
2.1. Overall Approach. We investigated the emissions of
CO2, NOx, hydrocarbon compounds (HC), SO2, and PM in
terms of particle number, particle size, sulfate, black carbon (BC),
and organic matter (OM) for different fuels. The set of fuels
included HFO with a FSC of 2.17 weight-% (wt-%) as the fossil
high-sulfur reference fuel, MGO with an FSC of <0.1 wt-% as a
fossil low-sulfur fuel, and palm oil, soybean oil, sunflower oil, and
animal fat from food production as fuels from biogenic sources.
These degummed and deacidified but not transesterified first
generation biogenic fuels can be used directly in marine diesel
engines which are designed to operate on residual fuels with its
injection system being optimized for handling highly viscous
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fuels. They cannot, however, be used in e.g. automotive diesel
engines.
Table 1 summarizes the fuels including speciﬁc CO2 emissions
with respect to generated power in kWh and consumed fuel mass
in kg. Properties and chemical composition of the fuels including
FSC are compiled in Table 2. The main diﬀerences between fossil
and biogenic fuels are related to the energy content per mass which
is signiﬁcantly higher for fossil fuels (HFO: 40.4 MJ kg 1; MGO:
43.0MJ kg1) than for biogenic fuels (average: 37.3MJ kg1) and
to the resulting speciﬁc CO2 emissions per kg of burned fuel.
One single-cylinder test engine with 400 kW power running
on 750 rpm served as emission source. The externally charged
engine of type 1L32/44 is characterized by a stroke of 440 mm, a
bore of 320 mm, and a compression ratio of 16.2. The measure-
ment of exhaust gas constituents was positioned downstream the
exhaust gas receiver to compensate for pressure pulsation and
pressure relief and before the exhaust gas exit to atmosphere. The
measurement of exhaust gas components NOx, HC, CO, CO2,
and O2 was conducted according to ISO-8178 by chemilumines-
cence, ﬂame ionization, nondispersive-infrared, and paramag-
netic detection, respectively. PM mass emission measurement
was performed with a partial ﬂow dilution system according to
ISO-8178.
For each fuel, an engine load sequence of 100%, 75%, 25%,
10%, and again 100%was investigated. Each run lasted for approx
1 h; the whole test sequence per fuel required one full day of
operation. The test was completed by a 100%-load continuous
run which lasted for 100 h in order to investigate potential
corrosive eﬀects of the fuels.
2.2. Instrumentation. For our studies, a setup almost similar
to the one from previous marine diesel engine emissions studies5
was applied. The instrumentation used for the measurement of
aerosol microphysical properties consisted of Condensation
Particle Counters (CPC, TSI Models 3010/3760A, uncertainty
<5%) with lower cutoff diameters of 0.01μm, 0.03μm, and 0.08μm,
one Differential Mobility Analyzer (DMA, TSI Model 3071) cover-
ing particle diameters (dp) from 5 to 200 nm, one Optical Particle
Counter (OPC, GRIMM Model 1.129) for the size range dp >
250 nm, and one Multi-Angle Absorption Photometer (MAAP,
Thermo Instruments Model 5012) for BC mass concentration
measurement (BCmeasurement uncertainty 12%, conversion factor
6.6m2/g at awavelength of 630 nm). Volatile and nonvolatile aerosol
compoundswere separated by a thermodenuder operating at 250 C.
Accuracy and reproducibility of the online instruments are reported
in a recent method evaluation study for emission measurement
techniques.21 Since formarine diesel engines no referencemethod for
PM measurement has been developed yet, PM measurement
methods developed for gas turbines have been applied.
The exhaust gas samples for online aerosol microphysics
measurements were diluted by a factor of 1000 for DMA,
OPC, and MAAP and by an additional factor of 100 for CPC,
using multiple isokinetic dilution stages (Palas Model VKL-10).
Details on the setup are given in the Supporting Information
(SI), see Figure SI1.
Table 1. Fuels Used in BIOCLEAN Including Fuel Speciﬁc CO2 Emissions
fuel properties speciﬁc CO2 emission
palm oil large availability on the global market, very good fuel properties,
critical production conditions
2.83 kg CO2/kg fuel
0.651 kg CO2/kWh
soybean oil potential technical problems from unsaturated fatty acids,
energy plant production competes with food plant production
2.86 kg CO2/kg fuel
0.660 kg CO2/kWh
sunﬂower oil biogenic fuel from regional markets, only of regional interest 2.87 kg CO2/kg fuel
0.655 kg CO2/kWh
animal fat waste products from food production, only of regional interest 2.82 kg CO2/kg fuel
0.651 kg CO2/kWh
heavy fuel oil (HFO) conventional reference fossil fuel 3.19 kg CO2/kg fuel
0.660 kg CO2/kWh
marine gas oil (MGO) low-sulfur fossil fuel 3.195 kg CO2/kg fuel
0.639 kg CO2/kWh
Table 2. Fuel Chemical Composition and Properties
fuel HFO MGO palm oil animal fat soybean oil sunﬂower oil
category residual distillate biogenic biogenic biogenic biogenic
type RM grade DMA grade vegetable animal vegetable vegetable
viscosity [mm2/s] 719 @ 50 C 2.6 @ 40 C 29 @ 50 C 31 @ 50 C 23 @ 50 C 23 @ 50 C
density @ 15 C [kg/m3] 982 838 916 914 923 924
hydrogen [weight-%] 10.45 12.72 11.00 11.20 11.20 11.00
carbon [weight-%] 86.94 87.08 77.30 77.00 78.10 78.30
sulfur [weight-%] 2.17 <0.1 7.2 ppm 2.8 ppm <0.1 1.4 ppm
nitrogen [weight-%] 0.42 <0.1 - - - -
oxygen [weight-%] - - 11.50 11.60 10.50 10.50
ash [weight-%] 0.017 0.0011 0.0016 0.0017 <0.001 <0.001
caloriﬁc value [MJ/kg] 40.435 42.966 37.144 37.292 37.264 37.268
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Filter stack samples were taken using an AVL 472 Smart
Sampler modular dilution system (AVL, Graz Austria). Teﬂon
ﬁlters (PALL T60A20) were analyzed gravimetrically for total
mass according to ISO-8178. Preconditioned quartz ﬁber ﬁlters
(Pallﬂex 2500QAO)were analyzed for carbon species bymultistep
combustion and for sulfate by ion chromatography (5% measure-
ment uncertainty). Multistep combustion analyzes organic carbon
(OC) by sequentially heating the sample under helium to 620 C.
Subsequently, elemental carbon (EC) is analyzed by switching to
oxygen and heating the sample to 700 C (EC, OC measurement
uncertainty 20%). Organic matter is calculated fromOC byOM=
1.20  OC.5,22 Detailed method descriptions and references for
measurement uncertainties associated with the ﬁlter-based meth-
ods are given in ref 5.
Gas phase compounds were measured by IR absorption
(CO2), chemiluminescence (NOx), ﬂame ionization detector
(total HC), and Hantzsch method (CH2O).
23 SO2 was calcu-
lated from the fuel consumption and from the FSC. Fuel ﬂow was
measured by a Coriolis principle detector (Endress+Hauser Pro-
mass 63) located in the fuel supply and return line. The power
output of the engine was measured by a calibrated AVL Z€ollner
water brake. Generally, all measurements and accuracy analyses
were performed according to ISO-8178. Power-rated emissions
with respect to kWh were converted into emissions per kg of
used fuel based on the measured fuel ﬂow.
3. FUEL LIFE CYCLE ANALYSIS
The general idea of CO2-neutral biogenic fuels relies on the
assumption that the CO2 released during the combustion of
biogenic fuels was previously extracted from the atmosphere
during the growth of the energy plants. However, the production
of biogenic fuels generates emissions of non-CO2 greenhouse
gases (CH4, N2O)
13 by crop growing, fertilization, and proces-
sing and of CO2 from fossil fuel use during fuel production,
fertilizer production, and transport.14 Assessing the GHG budget
of biogenic fuels requires not only the consideration of the conven-
tional fuel life cycle but also the additional GHG emissions caused
by a modiﬁcation of land use (LUC = land use change).15,1820
Including all relevant sources of GHG emissions during biogenic
fuel production and use is an indispensable prerequisite for an
integrated assessment of climate impacts of biogenic fuels.
Table 3. Emission Factors per kWh of Generated Powera
1014
CO2, kg NOx, g SOx, g CO, g HC, g CH2O, g PMdry, mg SO4, mg OM, mg EC, mg Ash, mg BC, mg N_total N_nv fPF
§
HFO
100% 0.675 14.12 9.13 0.20 0.072 0.013 776 613 104 21 38 4.8 3.50 2.41 4.72
75% 0.679 15.33 9.17 0.19 0.083 0.007 756 581 129 13 33 10.1 14.50 3.66 4.70
25% 0.898 17.45 11.67 0.70 0.095 0.008 423 236 128 15 44 22.9 24.47 6.30 3.55
10% 1.69 26.09 23.3 2.37 0.29 0.026 1009 447 375 94 93 126.0 47.56 12.00 1.89
MGO
100% 0.632 12.81 <0.40 0.17 0.170 N/A 89 9 70 8 2 0.9 N/A N/A 5.05
75% 0.639 14.65 <0.40 0.17 0.300 N/A 72 5 58 7 2 1.3 N/A N/A 5.00
25% 0.856 17.3 <0.54 0.64 0.660 N/A 87 4 68 12 3 4.3 N/A N/A 3.73
10% 1.552 23.39 <0.97 2.67 2.030 N/A 301 8 226 62 5 32.5 N/A N/A 2.06
PO
100% 0.651 12.95 0.003 0.19 0.047 0.019 121 2 106 10 3 1.2 1.92 0.63 4.35
75% 0.652 14.38 0.003 0.15 0.037 0.011 191 2 178 8 3 1.6 46.44 1.93 4.35
25% 0.864 18.68 0.004 0.45 0.090 0.018 216 3 195 14 4 5.9 25.53 2.33 3.28
10% 1.563 25.7 0.008 1.57 0.340 0.050 794 4 716 65 9 33.0 53.88 4.67 1.81
AF
100% 0.651 12.71 0.001 0.12 0.050 0.015 90 1 78 8 3 1.1 1.95 1.34 4.34
75% 0.651 14.29 0.001 0.10 0.030 0.008 169 1 157 8 3 1.9 54.27 2.25 4.33
25% 0.846 16.91 0.002 0.38 0.065 0.012 130 1 114 10 5 4.8 19.45 2.16 3.34
10% 1.503 23.71 0.003 1.37 0.265 0.034 352 5 302 34 11 25.5 69.58 5.18 1.88
SBO
100% 0.659 14.03 <0.46 0.14 0.045 0.015 142 4 118 18 2 1.9 5.43 2.04 4.34
75% 0.662 15.33 <0.46 0.14 0.030 0.010 126 2 107 15 2 3.3 28.23 2.28 4.32
25% 0.864 18.63 <0.60 0.43 0.060 0.000 188 3 160 22 3 6.8 25.59 2.08 3.31
10% 1.563 27.11 <1.09 1.50 0.260 0.000 677 4 581 87 5 45.7 60.26 8.93 1.83
SFO
100% 0.655 14.21 0.0006 0.14 0.043 0.014 145 2 117 24 2 1.7 2.10 0.71 4.38
75% 0.669 16.03 0.0007 0.14 0.040 0.013 188 5 162 19 2 1.8 33.81 1.04 4.29
25% 0.864 19.18 0.0008 0.42 0.080 0.013 211 1 185 22 3 5.2 24.75 1.27 3.32
10% 1.523 27.35 0.0015 1.50 0.330 0.046 919 4 833 77 5 23.9 65.59 3.02 1.88
a fPF is the conversion factor from emission per kWh to emission per kg of fuel; listed fuels are heavy fuel oil (HFO), marine gas oil (MGO), palm oil
(PO), animal fat (AF), soybean oil (SBO), and sunﬂower oil (SFO).
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In our study, the model GEMIS (Global Emissions Model for
Integrated Systems; http://www.gemis.de) of €Oko-Institut was
applied.2427 The key data to describe the fossil (reference) and
biogenic life cycle were taken from earlier work24,25,27 and
updated with regard to data for marine fuels, and the possible
future use of tar-sand based synthetic crude oil (syncrude) as an
alternative feedstock for fossil-based HFO and diesel. We used
the global warming potential from ref 28 and assumed a time
horizon of 100 years for integration.
For biogenic fuels, GEMIS not only calculates the life cycles
but also explicitly includes LUC-related GHG emissions of
biomass cultivation systems. For this, emissions from both direct
and indirect LUC are modeled using IPCC-based factors for
GHG emissions resulting from direct LUC and the so-called
“iLUC factor”29 to represent potential emissions from indirect
eﬀects associated with displacement of previous land use.18 As
biogenic fuels represent a broad variety of options stemming
from a multitude of bioenergy cultivation and conversion sys-
tems as well as from many diﬀerent countries, the application of
GEMIS selected a subset of life cycles relevant for BIOCLEAN
fuels. For imported biofuels (soybean and palm oil), the future
development of both the cultivation systems (yield increases, use
of mulch to reduce N fertilizer) and feedstock processing (oil
mill, especially auxiliary electricity needs and wastewater treat-
ment) as well as international transports of the bioenergy carriers
were taken into account in the life cycle modeling. The domestic
production and processing of ﬁrst generation liquid bioenergy
carriers is already in a mature state and oﬀers little options
for improvement so that no major change in GHG emissions
are foreseen.26,27
With regard to the reference fossil fuel energy carriers, the life
cycles include future changes in production (lower ﬂaring and
venting rates, higher oﬀshore shares) and processing (improved
reﬁning) as well as changes in the import structure representative
for Europe.24 With the expected medium-term depletion of
conventional resources (“peak oil”), unconventional production
options such as crude oil from tar sands and shales will become
more relevant so that syncrude-based HFO and diesel was added
to the analysis as a potential longer-term marginal fuel.
4. RESULTS
4.1. Bulk Emission Properties. The set of investigated
biogenic fuels demonstrated good combustion properties and
didnot cause significant increase in engine degradation and corrosion.
The full set of measured emission factors is compiled in Table 3. For
an engine load of 75%which is considered representative for cruising
ship or for stationary power generation operation, the emissions
relative to HFO per kWh of generated power are shown in Figure 1.
Respective graphs for the other investigated engine loads are given in
the SI.
Emissions of core gaseous species CO2, CO, and NOx do not
vary signiﬁcantly between fossil high-sulfur fuel HFO and low-
sulfur fossil and biogenic fuels. A similar result is reported in ref 7
for a comparison of HFO and MGO. Emissions of gaseous
hydrocarbon compounds relative to HFO are signiﬁcantly in-
creased for MGO by a factor of 2.4 (100% load) to 7.0 (10%
load), while respective emissions for biogenic fuels are similar to
HFO (10% load) or reduced at most to 40% (75% load). This
increase in HC emissions for MGO may be linked to the measure-
ment method, because for MGO exhaust the FID sensor detects all
HC in the gas phase while for HFO, some of the hydrocarbons
appear in the condensed phase. Formaldehyde (CH2O) emis-
sions are slightly enhanced by 2650% for biogenic fuels while
for MGO no data are available.
When using low-sulfur fuels (MGO, biogenic fuels), the
emissions of particulate matter (PM) bymass is strongly reduced
compared to HFO. This eﬀect is of similar magnitude for all low-
sulfur fuels of either fossil or biogenic origin. The reduction in
PM mass emissions can be attributed primarily to the reduction
in sulfate emissions, but also BC emissions are signiﬁcantly lower.
For all investigated fuels including HFO, emissions of PM and
BC are strongest at low loading and decrease with higher loading.
Considering all investigated engine load conditions, PM emis-
sions relative to HFO are reduced to 625% for MGO and to
660% for biogenic fuels. Reductions in BC relative emissions vary
from 13% to 30% with MGO showing the strongest reduction to
13%, while soybean oil was found to emit signiﬁcantly higher BC
than the other low-sulfur fuels.
Despite PM emissions by mass are reduced when using low-
sulfur fuels, emissions by number are signiﬁcantly increased by
a factor of 2 to four for biogenic fuels. In contrast, emissions of
nonvolatile PM by number which are dominated by carbonac-
eous combustion particles are reduced similar to the reduction in
BC mass emission. These two eﬀects are connected since
formation of new particles in the exhaust by nucleation/con-
densation is favored by the absence of the larger BC agglomerates
(see next section) which may act as a sink for condensable gases.
PM emitted from biogenic fuels is composed almost entirely of
carbonaceous matter like OM and EC; see Figure 2 for a
comparison of relative chemical compositions for fuels HFO,
palm oil, and animal fat. Sulfate and sulfate-associated water (see
ref 5 for discussion) which dominate PM from HFO do not
contribute to PM from biogenic fuels. Respective data on particle
Figure 1. Emissions of gaseous (top row) and particulate (bottom row)
compounds per kWh of generated power relative to heavy fuel oil
(HFO) as the fossil sulfur-rich reference fuel for investigated fuels
marine gas oil (MGO) and biogenic fuels at 75% engine load; used
abbreviations for particulate matter compounds are explained in the text.
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mass and number emissions for MGO are not available from this
study but can be taken from ref 7.
4.2. Particle SizeDistribution.Particle size distributions were
measured from 5 nm to 1 μm in diameter for all fuels with the
exception of MGO. Figure 3 shows particle number size dis-
tributions measured at engine loads of 10% and 100% forHFO as
fossil reference fuel and palm oil as the biogenic fuel showing best
combustion properties of all investigated fuels. Solid lines in
Figure 3 represent fits of 4-modal log-normal distributions to the
measured data. Respective modal parameters are summarized in
Table 4. In the SI, additional data are shown in Figure SI4 which
demonstrate the good reproducibility of size distribution mea-
surements for the fuels under investigation.
Both exhaust aerosols are characterized by a strong nucleation
particle mode (Mode 1) in the size range dp < 10 nm. For palm
oil, Mode 2 is centered at dg = 13 nm, while the respective mode
forHFO is centered at dg = 2527 nm. Thismode likely contains
primary BC particles. At 100% load the size distribution of HFO
exhaust aerosol features a pronounced peak at dg = 55 nm, while
the size spectrum for biogenic fuels shows Mode 3 at dg = 85 nm.
In this particular size range, Mode 3 is reduced in number density
by up to 2 orders of magnitude at 100% load and still by a factor
of 2 at 10% load.Modes 3 and 4 are assumed to bemade up of BC
agglomerates.
The reduced soot particle mode coincides with a strong
reduction in BC mass emission and in emissions of nonvolatile
PM by number for biogenic fuels. The increased emission of total
PM by number (see Figure 1) is mirrored in the exceedance of
particle size spectra for biogenic fuels compared to HFO parti-
cularly for nucleation mode particles with dp < 20 nm. Emissions
of BC mass and particle number provide a consistent picture of
the modiﬁcation of PM emissions from marine diesel engines
when switching from HFO to low-sulfur fuels of biogenic origin.
4.3. Fuel Life Cycle Analysis. The results of the fuel life cycle
analysis including direct and indirect land use change are shown
in Figure 4 in terms of emissions of CO2 equivalents per kg of
burned fuel. Respective data are given in Table SI1. Besides
HFO,MGO, and biogenic fuels palm oil and soybean oil, Figure 4
also contains information on fossil fuels produced from oil sand
(syncrude). For fossil fuels, CO2 emissions per kg of fuel are
enhanced by 15% compared to emissions during fuel burn if fuel
life cycle effects are included in the emission budget. This value
increases to 60% for syncrude. The CO2 emission per kg of HFO
including fuel life cycle effects is considered the reference case for
our assessment.
Neglecting LUC eﬀects, both soybean oil and palm oil show a
positive CO2 balance with respect to the reference HFO fuel life
cycle analysis CO2 emission value. Even if existing farmland is
converted to energy plant production and indirect LUC is
neglected, the balance compared to HFO is still positive. As
soon as natural habitats such as savannah or tropical rainforest are
converted to farmland, the overall CO2 budget becomes clearly
negative. If palm oil or soybean oil is produced on farmlandwith no
associated LUC, a signiﬁcant overall reduction in CO2 emissions
can be achieved. Producing palm oil on former tropical rainforest
area or soybean oil on former savannah area increases overall CO2
emissions by a factor of 2 compared to HFO use. Data for all
investigated LUC are given in Table SI1.
The energy use for extraction and processing of syncrude and
respective GHG emissions are signiﬁcantly higher than for conven-
tional crude oil,30 while the downstream processing and direct
emissions from the fossil energy carriers are similar to conventional
Figure 2. Fractional chemical composition of particulate matter
emitted from a large diesel engine operating on fossil sulfur-rich heavy
fuel oil (HFO) and on biogenic low-sulfur fuels palm oil and animal fat.
Table 4. Parameters of the 4-Modal Log-Norm Size Distributions
Mode #1 Mode #2 Mode #3 Mode #4
load, fuel N, cm3 dg, nm σg N, cm
3 dg, nm σg N, cm
3 dg, nm σg N, cm
3 dg, nm σg
10%, HFO 2  108 5 1.55 2.5  106 27 1.67 3000 120 1.35 1.5 350 1.40
100%, HFO 5  107 6 1.45 4  105 25 1.45 8.5  105 55 1.50 0.8 500 1.50
10%, palm oil 1  108 5 1.50 1.7  107 13 1.68 3000 120 1.35 1.5 350 1.40
100%, palm oil 5  107 6 1.60 2.5  106 13 1.45 600 85 1.50 0.2 500 1.40
Figure 3. Particle number size distribution at 10% load (a) and 100%
load (b) for HFO as the reference fuel and for palm oil representing
biogenic fuels; particle size spectra were measured by DMA (dp = 5 
200 nm) and by OPC (dp > 250 nm) instruments, and solid lines
represent 4-modal log-normal size distributions ﬁtted to the data.
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HFO and diesel. With syncrude-based fossil fuels currently being
marketed mainly in Australia, Canada, and the USA, it is yet
unclear which role syncrudes will play in the longer term in
European crude imports. The EU regulation on GHG intensities
of transport fuels used in the EU31 requires a life cycle based net
GHG reduction of all transport fuels of 7% by 2020, based on the
2010 emission levels. Canada as a key syncrude producer as well
as smaller European producers especially in Estonia rigorously
dispute the EU’s power to restrict market access based on life-
cycle GHG emissions, while environmental organizations call for
a “ban” of syncrude. Thus, syncrude-based options should be
seen as a sensitivity case indicating a possibly higher GHG
intensity of future HFO and diesel in Europe, which in turn
inﬂuences potential GHG beneﬁts for biogenic fuels.
5. IMPLICATIONS
The aerosol indirect eﬀect is the main pathway for the climate
impact of PM emissions from shipping.10,11 Since particulate
sulfate forming from fuel sulfur is the main component causing
humidity-related growth of combustion particles,2,5 almost sul-
fate-free particles emitted from low-sulfur fuels will not undergo
any substantial humidity growth.5 Their ability to form cloud
droplets is reduced and related indirect eﬀects on climate are
small.1 Hence, particularly indirect eﬀects of emitted PM should
be reduced signiﬁcantly when substituting high-sulfur HFO with
low-sulfur fuels. Model studies using our emission data ﬁnd that
the modiﬁcation of aerosol climate eﬀects is of similar magnitude
for low-sulfur fossil (MGO) as for biogenic fuels. For all low-
sulfur fuels, the indirect eﬀects are reduced by a factor of 3 to a
value of 100 mW m2.11
Assessing long-lived climate eﬀects requires the consideration
of fuel life cycle analysis. Our results suggest that waste products like
animal fat show a positive GHG balance because no additional
production of biomass is required. Their overall availability is very
limited so that this application appears useful only in local power
production. Soybean oil and palm oil have a large potential for GHG
reduction. Palm oil achieves highest reductions if the conversion of
tropical rainforest for growing palm trees is avoided. Producing
energy plants on farmland with no or limited potential LUC allows a
signiﬁcant reduction in GHG emissions. However, a certiﬁcation of
sustainable biogenic fuel production is crucially needed.
’ASSOCIATED CONTENT
bS Supporting Information. Figures SI1SI4 and Table
SI1. This material is available free of charge via the Internet at
http://pubs.acs.org.
’AUTHOR INFORMATION
Corresponding Author
*E-mail: andreas.petzold@dlr.de.
’ACKNOWLEDGMENT
The BIOCLEAN project was funded by the German Bundes-
ministerium f€ur Bildung und Forschung (BMBF) as part of the
klimazwei program under contracts no. 01LS05014 and 01LS05015.
The authors gratefully acknowledge the support of MAN Diesel &
Turbo SE during the test rig studies. They are grateful to Andreas
Minikin andHans R€uba (DLR) for their valuable support during the
measurements and to Veronika Eyring and Mattia Righi (DLR)
during the preparation of the manuscript.
’REFERENCES
(1) Capaldo, K.; Corbett, J. J.; Kasibhatla, P.; Fischbeck, P.; Pandis,
S. N. Eﬀects of ship emissions on sulphur cycling and radiative climate
forcing over the ocean. Nature 1999, 400, 743–746.
(2) Murphy, S. M.; Agrawal, H.; Sorooshian, A.; Padro, L. T.; Gates,
H.; Hersey, S.; Welch, W. A.; Jung, H.; Miller, J. W.; Cocker, D. R., III
et al. Comprehensive simultaneous shipboard and airborne characteriza-
tion of exhaust from amodern container ship at sea. Environ. Sci. Technol.
2009, 43, 4626–4640.
(3) Moldanova, J.; Fridell, E.; Popovicheva, O.; Demirdjian, B.;
Tishkova, V.; Faccinetto, A.; Focsa, C. Characterisation of particulate
matter and gaseous emissions from a large ship diesel engine. Atmos.
Environ. 2009, 43, 2632–2641.
(4) Lack, D. A.; Corbett, J. J.; Onasch, T.; Lerner, B.; Massoli, P.;
Quinn, P. K.; Bates, T. S.; Covert, D. S.; Coﬀman, D.; Sierau, B. et al.
Particulate emissions from commercial shipping: Chemical, physical, and
optical properties. J. Geophys. Res. 2009, 114, doi:10.1029/2008JD011300.
(5) Petzold, A.;Weingartner, E.; Hasselbach, J.; Lauer, P.; Kurok, C.;
Fleischer, F. Physical properties, chemical composition, and cloud
forming potential of particulate emissions from a marine diesel engine
at various load conditions. Environ. Sci. Technol. 2010, 44, 3800–3805.
(6) Agrawal, H.;Welch,W. A.; Henningsen, S.; Miller, J. W.; Cocker,
D. R. Emissions from main propulsion engine on container ship at sea.
J. Geophys. Res., [Atmos.] 2010, 115.
(7) Winnes, H.; Fridell, E. Particle Emissions from Ships: Depen-
dence on Fuel Type. J. Air Waste Manage. Assoc. 2009, 59, 1391–1398.
(8) Winebrake, J. J.; Corbett, J. J.; Green, E. H.; Lauer, A.; Eyring, V.
Mitigating the health impacts of pollution from oceangoing shipping: An
assessment of low-sulfur fuel mandates. Environ. Sci. Technol. 2009,
43, 4776–4782.
(9) Corbett, J. J.; Winebrake, J. J.; Green, E. H.; Kasibhatla, P.;
Eyring, V.; Lauer, A. Mortality from Ship Emissions: A Global Assess-
ment. Environ. Sci. Technol. 2007, 41, 8512–8518.
(10) Lauer, A.; Eyring, V.; Hendricks, J.; J€ockel, P.; Lohmann, U.
Global model simulations of the impact of ocean-going ships on
Figure 4. Greenhouse gas emissions in kg CO2 per kg of burned fuel for
HFO, MGO, soybean oil, and palm oil, calculated from a fuel life-cycle
analysis (FLC) including direct and indirect land use change (LUC);
CO2 equivalents include non-CO2 emissions during fuel production
from, e.g., fertilization. The dashed line represents the fossil fuel
reference case HFO FLC.
10400 dx.doi.org/10.1021/es2021439 |Environ. Sci. Technol. 2011, 45, 10394–10400
Environmental Science & Technology ARTICLE
aerosols, clouds, and the radiation budget. Atmos. Chem. Phys. 2007,
7, 5061–5079.
(11) Righi, M.; Klinger, C.; Eyring, V.; Hendricks, J.; Lauer, A.;
Petzold, A. Climate Impact of Biofuels in Shipping: Global Model
Studies of the Aerosol Indirect Eﬀect. Environ. Sci. Technol. 2011, 45,
3519–3525.
(12) Corbett, J. J.; Winebrake, J.; Green, E. An assessment of
technologies for reducing regional short-lived climate forcers emitted
by ships with implications for Arctic shipping. Carbon Manage. 2010,
1, 207–225.
(13) Crutzen, P. J.; Mosier, A. R.; Smith, K. A.; Winiwarter, W. N2O
release from agro-biofuel production negates global warming reduction
by replacing fossil fuels. Atmos. Chem. Phys. 2008, 8, 389–395.
(14) Winebrake, J. J.; Corbett, J. J.; Meyer, P. E. Energy use and
emissions from marine vessels: A total fuel life cycle approach. J. Air
Waste Manage. Assoc. 2007, 57, 102–110.
(15) Kloverpris, J.; Wenzel, H.; Nielsen, P. H. Life cycle inventory
modelling of land use induced by crop consumption - Part 1: Conceptual
analysis and methodological proposal. Int. J. Life Cycle Assess. 2008,
13, 13–21.
(16) Scharlemann, J. P. W.; Laurance, W. F. Environmental science -
How green are biofuels? Science 2008, 319, 43–44.
(17) Fargione, J.; Hill, J.; Tilman, D.; Polasky, S.; Hawthorne, P. Land
clearing and the biofuel carbon debt. Science 2008, 319, 1235–1238.
(18) Fritsche, U. R.; Sims, R. E. H.; Monti, A. Direct and indirect
land-use competition issues for energy crops and their sustainable
production - an overview. Biofuels, Bioprod. Bioreﬁn. 2010, 4, 692–704.
(19) Berndes, G.; Bird, N. C. A. Bioenergy, Land Use Change and
Climate Change Mitigation - Report for Policy Advisors and Policy Makers;
ExCo:2010:03; International Energy Agency: 2010. http://www.
ieabioenergy.com/LibItem.aspx?id=6770 (accessed Nov. 16, 2011).
(20) Fritsche, U.; Wiegmann, K. Indirect Land Use Change and
Biofuels; Study prepared for the European Parliament’s Committee on
Environment, Public Health and Food Safety, IP/A/ENVI/ST/2010-
15, 2011; Brussels, 2011.
(21) Petzold, A.; Marsh, R.; Johnson, M.; Miller, M.; Sevcenco, Y.;
Delhaye, D.; Ibrahim, A.; Williams, P.; Bauer, H.; Crayford, A.; et al.
Evaluation of methods for measuring particulate matter emissions from
gas turbines. Environ. Sci. Technol. 2011, 45, 3562–3568.
(22) Aiken, A. C.; DeCarlo, P. F.; Kroll, J. H.; Worsnop, D. R.;
Huﬀman, J. A.; Docherty, K. S.; Ulbrich, I. M.; Mohr, C.; Kimmel, J. R.;
Sueper, D.; et al. O/C and OM/OC Ratios of Primary, Secondary, and
Ambient Organic Aerosols with High-Resolution Time-of-Flight Aero-
sol Mass Spectrometry. Environ. Sci. Technol. 2008, 42, 4478–4485.
(23) Nash, T. The colorimetric estimation of formaldehyde by
means of the Hantzsch reaction. Biochem. J. 1953, 55, 416–421.
(24) Fritsche, U.; Rausch, L. Life Cycle Analysis of GHG and Air
Pollutant Emissions from Renewable and Conventional Electricity, Heating,
and Transport Fuel Options in the EU until 2030; Report for the European
Environment Agency (EEA); ETC/ACCTechnical Paper 2009/18; Darm-
stadt, 2009. http://acm.eionet.europa.eu/reports/docs//ETCACC_TP_
2009_18_LCA_GHG_AE_2013-2030.pdf (accessed Nov. 16, 2011).
(25) WBGU, World in Transition - Future Bioenergy and Sustainable
Land Use; German Advisory Council on Global Change: Berlin, 2009.
(26) Fritsche, U.; Hennenberg, K. J.; Hermann, A.; H€unecke, K.;
Herrera, R.; Fehrenbach, H.; Roth, E.; Hennecke, A.; Giegrich, J.
Sustainable Bioenergy: Summarizing Final Report of the research project
00Development of strategies and sustainability standards for the certiﬁcation
of biomass for international trade00; (UBA-FB)001398/ZUS,E; Oeko-
Institut/IFEU, prepared for the German Federal Environment Agency
(UBA): Darmstadt/Heidelberg, 2010. http://www.umweltdaten.de/
publikationen/fpdf-l/3961.pdf (accessed Nov. 16, 2011).
(27) Sterner, M. Bioenergy and renewable power methane in integrated
100% renewable energy systems - Limiting global warming by transforming
energy systems; Diss. Univ. Kassel; Kassel, 2009. http://www.uni-kassel.
de/upress/publi/abstract.php?978-3-89958-798-2 (accessed Nov. 16, 2011).
(28) IPCC, Climate Change 2007: The Scientiﬁc Basis; Cambridge
University Press: Cambridge, 2007; p 940.
(29) Fritsche, U.; Hennenberg, K.; H€unecke, K. The 00iLUC Factor00
as a Means to Hedge Risks of GHG Emissions from Indirect Land Use
Change Associated with Bioenergy Feedstock Production; working paper
prepared for BMU: Darmstadt 2010. http://www.oeko.de/oekodoc/
1030/2010-082-en.pdf (accessed Nov. 16, 2011).
(30) Brandt, A. Upstream greenhouse gas emissions from Canadian oil
sands as a feedstock for European reﬁneries; Stanford, 2011. https://
circabc.europa.eu/d/d/workspace/SpacesStore/db806977-6418-44db-
a464-20267139b34d/Brandt_Oil_Sands_GHGs_Final.pdf (accessed
Nov. 16, 2011).
(31) EC,Directive 2009/30/EC of the European Parliament and of the
Council of 23 April 2009 amending Directive 98/70/EC as regards the
speciﬁcation of petrol, diesel and gas-oil and introducing a mechanism to
monitor and reduce greenhouse gas emissions and amending Council
Directive 1999/32/EC as regards the speciﬁcation of fuel used by inland
waterway vessels and repealing Directive 93/12/EEC; Oﬃcial Journal of
the European Union L 140/88-113; Brussels, 2009.
’NOTE ADDED AFTER ASAP PUBLICATION
The units for columns 13 and 14 of Table 3 were changed in the
version of this paper published November 17, 2011. The correct
version published November 29, 2011.
